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ABSTRACT We are concerned with the mechanisms 
whereby hydrophilic proteins synthesized in the cytoplasm are 
translocated across one or two membranes into different 
cellular organelles. On the basis of a model of the translocation 
process to be described elsewhere, we propose an explanation 
of previous findings that the in vitro translocation across the 
^endoplasmic reticulum of secretory proteins of higher eukary- 
ic cells appears to be obligatorily co-translational (i.e., occurs 
nly while the polypeptide chain is being synthesized on the 
ribosome)i We suggest that in vitro the intrachain disulfide 
bonds of the polypeptide rapidly form after it is released from 
the ribosome; the three-dimensional conformation of the chain 
is thereby stabilized and cannot undergo the unfolding that is 
required for post-translational translocation, in accord with 
this proposal, we show that the secretory preprotein human 
preprolactin, after translation and release from the ribosome, 
can indeed undergo translocation across endoplasmic reticu¬ 
lum membranes in vitro if the medium is sufficiently reducing. 
Those polypeptides that, In the absence of reducing agents, can 
be post-translationally translocated in vitro across bacterial, 
mitochondrial, and other types of membranes may generally 
lack intrachain disulfide bonds. 


Many of the membrane-bounded organelles in eukaryotic 
cells obtain most or all of their internal proteins from the 
cytoplasm. This generally involves the translocation of a 
wide range of large hydrophilic protein molecules from the 
cytoplasm across one or two membranes of the organdie. 

JThe mechanisms of such translocations have received a great 

\ Jiof attention in the last decade, but they are still not well 
understood. In particular, while it would seem plausible that 
these mechanisms might be fundamentally the same in all 
such cases, the evidence until!recently appeared to indicate 
that they were significantly different. Translocation of pro¬ 
teins across the endoplasmic reticulum (ER) of eukaryotic 
cells seemed 1 to occyir only while the polypeptide chain was 
being synthesized pn ribosomes attached to the ER (i.e., 
translocation was obligatorily co-translational), whereas in 
other cases (bacterial, mitochondrial, peroxisomal; and 
chloroplast membranes) the polypeptide chain, after being 
completed and released from the ribosome, could generally 
be transported into the organelle (i.e., translocation could be 
post-translational). Of special significance have been in vitro 
studies demonstrating these differences, for example, be¬ 
tween protein import into the ER of higher eukaryotic cells 
(co-translational) as compared to import into mitochondria 
(post-translational)'(for reviews, see refs. 1 and 2). 

We have developed a general picture of how protein 
translocation might work (3). This picture utilizes current 
ideas (4-7) about how the polypeptide chains of soluble 
proteins fold into their equilibrium tertiary structures. Brief¬ 
ly, our proposal involves the sequential translocation across 
the membrane of successive folded “subdomains 1 ’ of the 
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polypeptide chain until finally the entire chain is translocated. 
This process is initiated by the binding of the signal peptide, 
which is generally present at the amino terminus of the 
polypeptide chains to a receptor in the appropriate mem¬ 
brane, which “seeds” (7) the formation of the first folded 
subdomain of the chain. As this subdomain is translocated 
across the membrane, the next stretch of the chain is folded 
into a second subdomain and is translocated! This energy- 
dependent process continues until the entire chain is trans¬ 
ported across the membrane. For convenience, we refer to 
this mechanism as “subdomain translocation.” In principle, 
this mechanism can function either co-translational!y or 
post-translationally. In the latter case, the completed poly¬ 
peptide chain that is released into the cytoplasm, still ■bearing 
its signal peptide, is presumably first rapidly folded into some 
tertiary conformation in the aqueous solution. If this poly¬ 
peptide is subsequently to be transferred across a membrane 
by subdomain translocation, the tertiary conformation must 
be capable of being unfolded so that the initial and successive 
subdomains can be sequentially formed at the membrane and 
translocated. It occurred to us that if the released polypeptide 
chain, upon acquiring its tertiary conformation, also became 
rapidly cross-linked by intrachain cystine disulfide bridges, it 
would subsequently be incapable of unfolding to Us 
subdomains; its postHranslational translocation might there¬ 
by be blocked. 

Let us pursue this suggestion further. The polypeptides 
that are translocated across the membrane of the ER in higher 
eukaryotic cells are mainly the precursors of secretory 
proteins, and it is known that most of these proteins contain 
multiple intrachain disulfide bridges. The cytoplasm of eu¬ 
karyotic cells is highly reducing, because of its high concen¬ 
tration of glutathione (8); it is altogether likely that, after 
synthesis in v/vo, secretory proteins do not become disulfide- 
bridged until after they are translocated across the ER 
membrane. In in vitro translocation experiments, however, 
such reducing conditions are normally not duplicated. If, in 
the absence ofER membranes, a secretory protein precursor 
was translated in vitro and released under oxidizing condi¬ 
tions, the intrachain disulfide bridges might form and, on 
subsequent addition of ER membranes, translocation would 
be blocked l On the other hand, if ER membranes and the 
required soluble factors were present during in vitro 
translocation, the nascent polypeptide chain, while being 
translocated across the membrane at its amino terminus, 
would still be attached to the ribosome towards its carboxyl 
terminus. Therefore, the complete tertiary conformation 
characteristic of the released molecule could not form as long 
as the nascent pclj'pcptidc was simultaneously attached and 
partly engulfed at its two ends; as a consequence, even under 
oxidizing conditions, the cysteine residues would probably 
be sufficiently separated from one another to remain reduced 
while synthesis and translocation of successive subdomains 
proceeded. The disulfide bonds would form only after most 


Abbreviations: ER, endoplasmic reticulum; m 7 GMP, 7-methylguan- 
osine 5’-phosphate. 
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